Interest in underbalanced drilling is growing worldwide at a rate not seen for anew drilling technology since the introduction of horizontal drilling. Compressible, multi-phase fluids, oftenpresent in well bores, make underbslsnced drilling dfllcult. This is a result of the intentional introduction of gas into the fluid either at the surface or through parasite or concentric strings or because of fluid influxes into the wellbore fknn the formation. Many underbalsnced drilling problems would be ehinated by the auccedd implementation of the incompressible, lightweight drilling fluid described in this paper.
Introduction
Air drilling was first used in the mid-1800s and became very popular in the 1950s as air drillers discovered the bentilts of underbalanceddriUing. Historically, the moat important bentilt has been increased rate of penetration (ROP) possible in hard rocks as documented in the mid-1950s'. ROP increases signiliedy with deereased hy&oatatic pressure as shown in Figure 12 .
The reduetion in diikrential pressure results in several other benefits including removing drill cuttings km under the bit faster and allowing the bit to drill more efficiently and last longer. Since the differential pressure in true Underbalanced drilling is into the wellbore rather than into the formati~lost circulation and differential sticking problems are redueed or ehinated.
Underbahmxd drilling also signiiksntly reduecs formation damage. Redueed formation damage has been the driving force behind the resurgence in underbalaneed chilling durii!g ---. . . . . . the 1990s.
espeeisily & horizontal VRUS whẽ xtensive drilling times can cause major fmtion damage. Underbslanccd drilling has proven useful in the Austin Chalk and has spread rapidly, especially in Cas shown in Figure 23 .
Aerated Drilling Fluids
Drilling underbalsneed in under-pressured or depleted reservoirs requirea fluids Iighter than water (Sp. Or. < 1). Many types of fluid systems can be uae4 ranging fkxn 10W gas (i.e., *'sir"drilling) to 100% liquid All drilling fluids with densities below 6.9 ppg (Sp. Or. = 0.83) currently in use eontsin gas or air. Besides pure gas, these fluids include misl fo~and aerated (or nitritkd) mud.
While beneficial for underbahmeed drilling the use of compressible fluids results in several problems, as shown in Figure 3 .
Compmsmsndnitrogetlc41n inmeaaethe cmstofdrilling by ssmuch as $20,000-30,000 per day. Drill atring comoaion can be a major problem with aerated fluids, because of the oxygenintroduced downhole. The introduction of oxygen into an environment containing hydmcmbns (e.g., oil or gas) eao " J---.-1.~.--. -.~-1.0:...
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iii ULdkJIG U W UJLU GA~LVU.WLW. ..,-".." are more diftlcult due to the eompresaible, multi-phase nature of the fluid. Drill-string vibrations are more severe beeauae aerated fluids do not cushion the pipe as well as pure liquids.
"... h. x.t:nn f A.-w with conventionalmuds. Cuttings lifting is a major problem in many wells with air and mist drilling, leading to the formation of mud rings, increwd pressure drops, and stuck pipe. Conventional mud-pulse MWDs will not operate in aerated fluids because of rapid signal attenuation in the drill string a major probkm in driiiing underbaisnced horizontal wells.
Lightweight, Incompressible Drilling Fluid
A lightweight incompressible flui~having a density lower than that of water, could overcome most of the problems amntmed with aerated fluids while maintaining the benefits of Underbslsnced drilling. Such a drilling flui~utilizing hollow glass spherea, is currently being developed and tested on a U.S. Department of Energy project.
Jntiw late 196(&scientists in Russia utilized lightweight fluids containing hollow glass spheres (HGS) to reduce fluid density in areas where severe lost circulation problems had previously precluded &illin#.
SoIidsphmshsvebeenaddedtodrillingmu dtoincrease lubricityand lower tictionfsctors. Oil-field service COmpti= in the United States have used hollow spheres and other lightweightadditivesfor years to reduce the density of cements in lost circulation _ but to the best of our knowledge, hollow spheres have never been used in lightweight drilling fluids outside of Russia until this DOE project.
Hollow Glass Sphere Physical Properties
Commercially available hollow glass spheres (HGS) are typi~y la -u t=~~-in nsints UIIWQ mm-lnther Iirmide "" ""w-.
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Candidate hollow glass spheres were selected based on their physicalpmperka sndtheir abilityto maintsiu those properties under the -highpreamres and temperatures encountered in oii -"A rraa ..,-11-l%. Collap8aPresaure. Collapse pressm teatswereperfinmed on the candidate spheres at pressures up to 2400 psi. Figure 6 showshow tk volume of the hollow sphere mixture decreased as the pressure incread.
The compresaibfity of the sphere and watermixture was 3.2x l@pN, compsredto3.4x 10+ ps~' for water alone, showing that the glass spheres are essentially incompressible.
Three to five percent (by volume) of the hollow glass spheres broke and sank after the application of 2400 psi pressure.
The hOiiOw gisss spheres seiected hr w in fhe lightweight drilling fluid have pmpertiea similar to those used by the Russians (' Table 1 ).
Additional teats were performed with collapse pmsauma upto4300psiatroom@mpemtm and at 250"F. HGS ltluid Rheology. Theeilkctaof hollow glass sphere concentration on rheology and API filtration rate were measured before and after hot rolling fbr 16 houra at 150°F using atandmd API test procedures and equipment. The rheology was measured using a Farm 35A viwometer. Figure 7 shows that the density of the HGS fluid decreases tim 8.8 to 6.0 ppg as the hollow glass spheres mncdmtion (0.38 Sp. Or.) is incread hxn Oto 50 pemcnt The *lh+Q tv-mt-t nf n mm-l in~ses
sMe4 thus dehydrating the mud. Consequently, a practical limitikrHGS drillhgfluid concentration is 35-40 percent (i.e., 6.5 to 6.8 ppgj.
T1-. J-.1--. Figure 8 shows that the YP incmsed, but remained within acceptable limits, as the solids concentration was increased to 40 percent.
Figures Y and i(l show that the PV and YP of the FIGS fluid hot-rolled for 16 hours at 150"F were slightly lower than at 120"F. Figum12showsthat thePVinmssedfimn 20t060cp while the REV dust conomtration was inmesed to 90 lblbbl et 120"F. At low drill solids concentrations, hot ding at 1SO"F for )6 hours reduced the PV slightly. At higher drill soli& concentrations (i.e., over 80 lb/bbl), hot rolling significantly increased the Pv. Figure 13 shows that at high solids concentrations, hot rolling decmsed the YP. defhccukmts, before and&r hot rolling. In a typical tesg 1.0 lb/bbl of a common thinner reduced the 120°F, 10-minute gel fivm 44 to 10 lb/100&. After hotrolling, the * reduced the 1O-minute gel ihxn 68 to 12 W1OON. The ssmethinmrmdtxed the hot-rolled PV flom 36 h33~dtie~ti20@151b/l~&. Thisshowsthet thinner will be required with HGS muds containing higher concentrations of spheres end drill solids.
HGS Fluid Filtration Loss
Table3 ahowstypical gelstrengthsofthe HGSfluid @r hot-rolling
The gel strengths after treatment with three polymeric deflocculants and chrome-he lignosulfonate are compamdtothgelstrengthsofsnuntreatedmud.
InaIlcases, the gel strengths were redx with four of the five thinners producing signifkant reductions.
Lmbdeity and CaaingWear. Solid plastic and glass spheres
are routinely used to reduce fiction in high-angle and horizontalwells. Hollow glass spheres themtbm have potential fmreduc@iiiction and easing wear. To test these pllJ@ieS, hollow spheres were mixed with a conventional water-based mudendtested inacasingweer testmschine.
During a standard~9%-inch, 47 lbm N-W grade casing is subjected to the grinding action of a conventional smoo?h steel drill pipe tool joint rotating at 120 rpm under a lateral load of3,000 lb/ft, simulating the action of a drill string rotated insi& casing. This test yiel& messurem ents of friction fmtors and casing WeSr with different drilling fluids.
A water-based mud containing 35 percent by volume hollow g[ass spheres was subjected to the atendwd test fm 8 hours. Themeesured friction fhctor, 0.18, was eornpsreble to that &a atadard hsh-water base fluid, wide the casing wear was reduced by78 percent (i.e., tlom 18 to4 pement of the wall thickness). With 2 percent asndthe casing wear was reduced by 65 pement (i.e., fkxn 20 to 7 percent). Standadlsboratcny sieve tests wereusedtodeci& what mesh shaker Screens touseinyardtests withconventionsl rig shakers. A sample of the HGS PHPA mti containing 45 percent spheres and 2 percent sand W= tested with 325,200, loo, and50meshscmens mmapmdhgto opening siz.esof44 microns to 279 microns. Considering the sphere particle 6 distributiw 44 perc+mt oftbehollow glass spheres should have passed thmughthe 325-mesh~end 100 percent through the 50-and 100-mesh Screuls.
Durability and Recoverabiiii of Spheres
Inthel&minuteinitial Wthesieveswere''blind@"or heavily loaded with mudwitb 100 percent of the mud passing tIE50-mcshsievq 17pemeat througbthe 100-mesh sieve, end none passing through the 325-mesh screen (Figure 16 ).
Intheeecond~asmeUervolume of HGSmudwas poured onto the 200-mesh sieve (74 micron opening) to simulate an' 'un-bhndcd" screen. Based on the particle size diabibutiw 80 to 85 pcrceat of the spheme should have passed ti 200-mesh sieve (i.e., 15 to 20 percent should be retain@. In ectualIty,the ZXMnesb sieve retained 45 p-cent of the m-ud ---vulume,inc1uding20pemertof tbeoriginal spheres inthemud sample, indicating that typical shale shaker screens should be capable of passing or retiming the apected particle sizes as longesthescreens donotbecome''blinded." Basedcntheaelabnbry tests, 100-mesh and200-mesh shaker screens were selected for yard testing. The 100-mesh scmenahouldthmreticaUypsss100percent of thehollowglsss spherea while retaining drill cuttings larger than 140 microns, and the 200-mesh screen should theoretically pass 80 to 85 percent of the hollow spheres while retaining drill cuttings larger than 74 microns.
GravitySegregation. Conventional low gravity drill solids (sp. gr. = 2.6) andweighting msteriek such as btite (sp. gr. = 4.3 j, settie in 'b tbiiiing fhid 'Wha-e tk hoiiow giae spheres tend to fhat UpWerd in the drilling fluid beceuw of buoyancy. The density ratio of water end the hoUow glass spheres, 2.6., is about the same as the density ratio of low gravity solids (sandstone, limestone, shale) to water. The rate ofgravi~segregationshouid thcXCfOrf2be similar in both CSSeS, except that the hollow glass spherea tend to float upward, whereas ddl solids and barite settle downward.
Laboratmy tests showed that the simplest and quickest way to recover the hollow spheres from the HGS muds is to take advantage of the naturai tendency of the lightweight spheres to float to the surface of the mud, especially when the HGS muds are diluted with water. Laborato~tests were performed to &tennine the rate and percentage of recov~of hollow glass spheres by flotation techniques.
In the first test, five samples of a clean HGS mud containing 10 lb/bbl of bentonite, 35 percent hollow glass spheres, and two percent aand were tested at water dilution levelsofO to 80 percent. Fitly percent dilution corresponds to two parta of HGS mud and one part water.
The amount of sphere separation was recorded as a function of time. Sphere recovay tim the sample with no dilutionreached a plateau of84 percent ailer 30 minutes and 88 percent afler 24 houra.
The other samples all reached recoveries of 93 percent after 17 minutes, and 93 to 95 -percentafler 30 minutes. The manufacturer's Specflcation for the spheres is that 90 percent will remain buoyant in long duration teats. Figure 17 shows that higher dilution ratea with water may not increase ultimate recovery, but will slightly accelerate the recovery process in the early time period (i.e., the f~15 minutes).
The Secondtestwssmducted with HGS mud containing 38 percent hollow glass spheres and 50 lb/bbl (5.5 percent by volume) simulated drill solids. The samples were diluted with 20 to 100 percent water. The initiai dilution of 20 percent was selectedbecause a visual determination of sphere recovesy with no dilution was difllcult in the dirtier mud.
The sphere recovery rate decreased as the percent of low gravity solids increased, as shown in Figure 18 . The ultimate recovery of spheres plateaued and remained nearly constant after 30minutes.
Figwe i 8 shows that with 20 percent water cidution, only 40 percent of the spheres were recovered tier 15 minutes, whereas with 100 percent dilution, 70 percent were recovered.
These data also show that the rate of recovery and the ultimate recovery both accelerate with increasing amounts of dilution.
Yard Testing
Yard tests were carried out on the HGS muds using conventional drilling rig solids control equipment, including cent@@ pumps, hydrocyclone, and a high-speed centrifuge. Tests involving a conventional rhz-hme shale shaker are " . . currently underway.
Centrifugal Pumps. (Mrifiigai pumps, used 'm transfer drilling fluids between tanks and solids control equipment, impart some of the highest shear stmsaes experienced by the 514 mud. Teata were conducted to determine if the high-speed impeller blades in these pumps would break the hollow glass spheres.
A 40-Hp transikr pump (5X 6 Centrifugal pump, 9.5-inch impeller, 1765 RPM) was used to move the HGS muds during yard testing.
Duxingthe fist test, an HGS mud containing 37 percent hollow glass spheres was circulated through the centigal pqfm4ti, @-ti-te%mHGS mtititi 45 percent spheres was circulated fm 12 hours. The density of the drilling fluids was measured periodically to &termine if hollow sphere breakage was occurring. An increase in mud weighgor fluid density,would indicate that spherea were being damaged to the point of fhilure, causing them to sink and allowingthe entrained air to escape. There was no increase in fluiddensityin either case, indicating that the spheres wem not damaged by the centrifugal pump.
Conventional Hydrocyciones.
Hydrocyclone, or cones, when operated properiy, can r@lOW SinSii= jl&?iiiCieS tihii -----shale shakers. Cones separate particles tkorn the mud using centrifugal force to speed up the natural gravity separatioñ~t iOII rate being dependent upon both density and particie size.
In normal operation, aand moves to the outside of the cone due to its higher density and flows out of the bottom of the cone. The liquid flows to the center of the cone and lhen upward out of the top of the cone. The hollow glass spheres, due to their low density,move to the center of the cone and flow out of the top of the cone with the fluid. Normally, the larger the cone diameter, the higher volume it can handle and the larger the particle size it can separate.
The optimum loadiig conditions fbr hydrocyciones depend on the inlet pressure which increasea with increased fluid density. For optimum operation, most cones require 70-80 feet of hy&aulic head at the inlet. Because the density of HGS muds is much lower than conventional muds, the cones will operate at lower inlet prmsurea.
Afive-inch diameterhydrocyclonewas selected for initiai testing since this is a redly available oil-field size.
AoHGS mud cumpoad of5 Wbbl bentonite, 0.25 lblbbl high molecularweightPHPAy45 prcent hollow glass spherea, and 4 percent aand was circulated through the cone at three Mkrent flow rate&cmmpodng to pressure heads bracketing the manuhurer's recommended head. Table 4 shows the properties of the fluid at the inlet, the overflow, and the underflowof the hydrocyclcmeduring the initiai teat, made at 75 ft. of pressure head. Additional tests were run at 90 and 105 f-of head.
The density of the undediow indicates that separation is *m thc hy~clone at~Wet p~ ( Figure 19 ). Figure 20 shows the solids removai rates for the 5-inch cone opemtingatpressum headaof75, 90, and 105 feet. At 90 feet of h~the hy&ocyclone was most tilcien~being 6 percent nmre eillcientthan at the manufacturer's recxnmnended head of 75 feet and 13 percent more dlcient than at the higher heada used by some operators.
SPE 30S00 USE OF HOLLOW GLASS SPHERES FOR UNDERBAIANCED DRILLING FLUIDS 5
The density of the overflow must be lower than the densityof the inlet sample when sand is being removed, but this dilkrence could not be detected due to low rate at which sand is removed. Additional hydrocyclone testing is currently undcmvayto confii these results.
Conventional
Centrifuge. An HGS mud was teated using a drill ng~atible, decanting high-speed centrilhge. Multiple tests were undedmn vaying the simulated drill solids loading, the speed of the centrifuge, the fd rate to the centrifuge, and the weir height inside the centrifuge. Forty underflow and overflow samples are now being analyzed to determine the effectiveness of the centrifuge on an HGS mud. No data is cumeatlyavailable,however, some observations can be &awn.
In all of the teata, the majority of the fluid exited the centrifuge through the underflow ports where solids normally exit. The maximum flow measured in the overflow was 15 percent of the total flow, this occurring at the lowest fd rate tested.
As the solids content increased, the percent overtlow decreased. With lower drill solids contents, fd rate did not atlkctthe percent ovedlow, whereas with higher solids content, increasing the fd rate decreased the overflow percentage.
As the drill solids increased (i.e., with higher solids concentration in the fluid or at higher feed rates), the auger of the centr@e began to plug since the machine was designed to handle wet overflows and dyer underflow. With drill solida concentrationsof50 to 55 lb/bbl (S.7S%) plugging of the auger rendered the centige unusable.
At high centrifugal forces, the HGS mud is apparently being dc-wti causing the hollow spheres to clump or cake together and plug the centrifuge.
Future lsborato~testing is necessary to fmd appropriate fluid loss additives to prevent this de-watering eikct, or to identii% sudktantsthatwill prevent the spheres flom clumping .----, .---..-.-together under these conditions.
Economics
Many ikctors determine the economic viability of the hollow glass sphere muds. The cat of the mud itself is the moat obvious factor, but sphere recoverability and increases in rate ofpmetmtion and well productivity also tied ec4mornics. The HGS muds could be highly competitive with aerated and nitrifkd fluids where compressor and nitrogen costs can be as high as $20,000to $30,000per day.
A barrel of conventional 8.8 ppg PHFA mud costs ilom $1.50 to $2.50. At current glass sphere mats, a comparable barrel ofHGS mud containing30 percent hollow glass spheres, will cost $70 to $80, which is comparable to mineral oil base muds. It is possible that the cost of the hollow glass spheres can be reduced if they fmd widespread use in the petroleum indu@y and large quantities are utilized.
The range of expected sphere recovery, based on the previously &scribed lab work and assuming no losses downhole, is 70 to 95 percent, thus recycling the spherea can tit in a net mud cost of$5.50 to $25.00/bbl, exclusive of the coatofmcovering the spheres. The HGS mud would not have 515 the high environm ental cost -iated with oil base muds, since the glass spheres are inert and easily disposable.
A conventionalPHPA mud system typically repxeaents 8 to 15 percent of the total coat of drilling a well, exclusive of completioncoats,whereas a mineral oil base mud system often represents 20 to 25 percent of the total drilling coat. If the maintenanceand make-up coat of the HGS mud is canparable to a mineral oil base system, the use of an HGS mud would increasethe cost ofa 20-day, 9,000-foot total depth, $400,000 well by S40,000 to $75,000, significantly leas than the coat of CompreaaomSnd/or Ntrogen.
I.fincread rate of penetration (ROP) is the sole reason for underbalanced drillingj the ROP would have to be inmased by 23 percent to break even (i.e., 550 vs. 450 IVday), well within the realm of possibility, since 2-to 10-fold ROP increases are Often observed in underbahmced tihng.
The potential for improved productivity in wells drilled underbalanced is also high due to the reduction or elimination of formation damage. A small improvement in productivity over the life of a well would just@ the additional cat of an HGS mud.
Conclusions
1. An incompressible fluid having a density leas than water would ovemomemany of the problems associated with aerated fluids, opening up many new areaa to underbalanced drilling.
-.~@ htw~@h~,
ineommeaaible drilling fluids~be -------r----. . . . constructed using commercially available, hollow glass spherea. At lower concentrations,the lightweight muds behave similar to conventional drilling fluids. 3. The HGS muds have potential fm si~lcantly reducing underbalanced drilling coats since they would eliminate compressors and nitrogen that can be very expensive. 
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